ABSTRACT myo-Inositol 1-phosphate synthase (EC 5.5.1.4) is the enzyme which catalyzes the synthesis of the precursor for the myo-inositol oxidation pathway. Rice callus grown in suspension culture provides a good source of plant enzyme. Use has been made of a noncompetitive inhibitor to prepare an affinity column for this enzyme. With this column, the enzyme from rice callus has been purified 1500-fold in a single step, about 9000-fold over-all, to a specific activity of 0.078 units per milligram of protein. This is an order of magnitude greater than previous purifications of the plant enzyme.
MI4 is an intermediate in one of the two pathways by which the carbon skeletons of cell wall uronic acids and pentoses are derived from D-glucose (21) . MI 1-phosphate synthase5 (EC 5.5.1.4) catalyzes conversion of glucose to MI via their phosphorylated intermediates. In plants, it provides the immediate precursor of the MI oxidation pathway (22) (23) (24) . If this enzyme can be purified to homogeneity, then significant experiments involving enzymatic regulation and control of the endogenous pool of MI can be designed.
Synthase activity has been observed in all plant material examined so far (16, 17, 19, 25, 29, 35) . It has also been found in fungi (32) , yeast (5) , rat testes (9) , bovine testes (36) , chicken erythrocytes (35) , rat mammary gland (3, 4, 31) and rat liver and plasma (3) . Enzyme from plant sources studied in this laboratory offers a distinct advantage over the others in that it is extremely stable. No loss of activity was noted after 1 week at 4 C or 8 months at -20 C (28) .
In previous attempts to purify the synthase from Acer pseudoplatanus, ammonium sulfate fractionation and chromatography on DEAE cellulose and Sephadex G-200 columns were used (25) . This gave 500-to 1000-fold purification. At 4Abbreviations: MI: myo-inositol; GAT: N-(1H-1,2,4-triazol-3-yl)-glucopyranosylamine; P-GAT: 6 phospho-GAT; 3-AT: 3-amino-1, 2,4-triazole; U: unit of enzyme. 5 Recommended name for 1L-MI 1-phosphate lyase (isomerizing) (10) . The enzyme is also named D-glucose 6-phosphate: MI-i-phosphate cyclase (or cycloaldolase).
further purification. Furthermore, since assay of the enzyme is tedious6 and can only be performed conveniently on a limited number of samples at one time, a more efficient means of purification involving fewer assays was sought. Such a method is affinity chromatography (8) .
To prepare an affinity column for use in the present study, use is made of our observation that P-GAT, the phosphorylated derivative of GAT (12) , is a potent inhibitor of the synthase. With this column, synthase from rice callus cultures was purified 1500-fold in a single step, resulting in about 9000-fold purification of this enzyme from crude cell extract. A preliminary report of this work has appeared (14) .
MATERIALS AND METHODS
Growth of Rice Callus. Rice (Oryza sativa L. var. Starbonnet) was cultured as described by Lieb et al. (20) . Suspension cultures were maintained in 250-ml Erlenmeyer flasks which contained 50 ml of medium. Flasks were shaken in the dark in a growth chamber maintained at 26 C. Large batches of cells were grown with shaking in 3-liter low form culture flasks (Corning No. 4422) containing 1 liter of medium and 50 ml of stock culture.
Preparation of Crude Enzyme. The procedure was essentially that previously described (25) . Protein precipitating between 35 to 60% saturated ammonium sulfate was resuspended and dialyzed against 100 volumes of buffer (50 mm tris, pH 8) for 3 to 4 hr. About 80% of the initial activity was recovered in this fraction, a 6-to 7-fold increase in specific activity over crude cell brei. When frozen, this material remained stable for at least seven months. This preparation provided crude enzyme for affinity column studies. It had a specific activity of 52.7 ,uU/mg of protein.
Enzyme Assay. The synthase assay has been described (25, 28 (34) . Measurements of radioactivity were made as previously described (28) .
Preparation of P-GAT. This compound was prepared as described by Frederick and Gentile (12) . GAT glucose in 10 ml of 60 mm sodium acetate (15) . The mixture was held at 50 to 60 C for 30 hr. The product which formed on cooling was recovered by filtration and rinsed with hot methanol. GAT was phosphorylated with ATP in the presence of hexokinase (EC 2.7.1. 1). The reaction mixture contained 13.3 mM ATP, 16.7 mM GAT, 16.7 mM NaHCO3 (pH 7.5), 8.3 mM MgC92, and 0.5 mg/ml hexokinase (Grade I, Miles-Seravac, Berks, England). After incubation at 30 C for 3 hr, the reaction was terminated by heat in a boiling water bath. The final product, P-GAT, was recovered as described previously (15) . It was converted to the potassium salt before use.
Preparation of P-GAT Sepharose. The method for the attachment of secondary amines of Cuatrecasas and Anfinsen (7) was followed. Twenty-five ml of Sepharose 4-B (Pharamica Fine Chemicals) was activated with 8 g of CNBr. Temperature was held at 20 C by addition of crushed ice, and pH was held at 11 by addition of 4 M NaOH. At the completion of the reaction, the material was rapidly cooled to 4 C by the further addition of crushed ice and was washed with 300 ml of ice-cold buffer. Immediately after activation the w-aminoethyl Sepharose derivative was formed by adding an equal volume of 2 M ethylenediamine, pH 10. After incubation for 18 hours at 4 C, and a wash of 6 was washed with 1 liter of cold distilled water, packed in a 9-mm column, and washed with 3 liters of buffer. This column contained 33 nmoles of P-GAT/ml of Sepharose.
RESULTS
Crude Synthase from Rice Callus. Preliminary experiments indicated that rice callus is a superior source of enzyme. Table I FIG. 2. Plot of 1/v versus 1/S for inhibition of MI 1-phosphate synthase by P-GAT. Control (0); inhibitor (0).
FUNKHOUSER AND LOEWUS compares yields of rice enzyme with A. pseudoptanus, the previous source of plant enzyme used in these studies.
When enzyme activity was determined during cell growth, the greatest specific activity was obtained from cells in the steady state phase (Fig. 1) . Early exponential growth showed the lowest specific activity. On the basis of these findings, cells taken at the steady state phase of growth were used as the source of enzyme. The lag in growth seen in Figure IA could be eliminated by using cells of the mid-or late-exponential phase of growth as inoculum.
Lieb et al. (20) reported a cell doubling time of 22 hr at 30 C. Cells used for the present study were grown at 26 C with a cell doubling time of 33 hr.
A narrow pH profile similar to that obtained for Acer enzyme was obtained. In tris buffer the pH optimum was 8. Depending upon the method of preparation, Acer enzyme showed 74 to 100% of maximum activity when NAD+ was omitted (27) . When no NAD+ was added to the rice enzyme, its activity was 55% of maximum. A requirement for ammonium ions was not detected. Synthase activity was linear for 1.5 hr. Therefore, an incubation period of 1 hr was used routinely.
Inhibitor Studies and Preparation of Affinity Column. Basic requirements for preparation of a successful affinity column include a compound which not only interacts selectively with the enzyme but which can also be covalently bound to the column matrix. Since D-glucose 6-phosphate is the substrate for MI 1-phosphate synthase, and it has been shown that the configuration about carbons 3 through 6 is required for interaction with the enzyme (26, 28, 30) , a search was undertaken to find a derivative of D-glucose 6-phosphate which could satisfy the second condition, viz., reaction with bromoacetamidoethyl-Sepharose. P-GAT was such a compound (12) . It contained the necessary second amino group for attachment and the remainder of the molecule was similar to D-glucose 6-phosphate. Furthermore, P-GAT was a potent inhibitor of the synthase. At equimolar concentrations of D-glucose 6-phosphate and P-GAT, the enzyme activity was nil. At 0.24 mM, P-GAT was a noncompetitive inhibitor ( Fig. 2) To determine if the synthase was selectively retarded by P-GAT Sepharose, a pilot experiment was run in which a relatively large amount (5.3 mU) of crude enzyme was applied to the column whose preparation was described in "Materials and Methods." The column was washed with 40 ml of 50 mM tris buffer at pH 8. Most of the protein eluted with this wash. Further washing with 300 ml of buffer failed to elute additional protein. When buffer containing 4 M NaCl was introduced to the column, a small amount of protein was eluted. About 96% of the original enzyme activity appeared in the void volume. The remaining 4% was eluted by NaCl. This latter activity appeared slightly after the bulk of the small protein peak eluted with NaCl.
The experiment was repeated on the same column after washing the column with 1 liter of buffer to remove all traces of NaCl. This time only 0.7 mU were added to the column. Sixty-six percent of the total activity appeared in the void volume. The remaining activity, 34%, eluted from the column after addition of the NaCl-containing buffer (Fig. 3) . The specific activity of the most active fraction in the NaCl eluted peak was 78.5 mU/mg of protein, a 1500-fold purification of crude enzyme, corresponding to 9300-fold purification over-all.
Results obtained in the experiments just described suggested that specific binding sites of the column were saturated at about 0.2 mU of enzyme and that the appearance of enzyme in the void volume was attributable to overloading. To test this, protein eluted in the void volume (Fig. 3) was recovered by precipitation with 60% saturated (NH4) SO4, dialyzed, and reapplied to the same washed column. Again, about 0.2 mU of enzyme was bound to the gel and was recovered after elution with NaCl (Fig. 4A ).
To this purified material, in 20 ml of eluant, was added 10 mg of bovine serum albumin. The solution was desalted by dialysis and reprecipitated with 60%X-(NH4)2SO4, dialyzed, and reapplied to the same washed column. This time no activity appeared in the void volume, and all of this enzyme was recovered after addition of NaCl to the column (Fig. 4B) .
A second affinity column with 6.6 times the capacity of the original column was used to prepare more enzyme. To this column was added 1.3 mU of crude enzyme. After thoroughly washing the column with buffer, a NaCl gradient from 0 to 4 M was applied to the column in place of direct addition of 4 M NaCl. The gradient eluted a major peak of bound protein well ahead of synthase activity (Fig. 5) . Recovery of activity applied to the column was quantitative.
DISCUSSION
This study has employed a noncompetitive inhibitor of MI 1-phosphate synthase to achieve a high degree of purification of the enzyme in a single step of affinity chromatography. Sepharose-bound P-GAT also bound a detectable amount of protein other than the synthase, but this material could be readily separated from the enzyme by a NaCl gradient. The nature of this bound protein is unknown. It did not contain D-glucose 6-phosphate dehydrogenase (EC 1.1.1.49). The possibility exists that other enzymes which use D-glucose 6-phosphate or similar substrates were present in this fraction. It is likely that this Sepharose-P-GAT column will prove useful in the purification of other proteins which interact with D-glucose 6-phosphate and its analogs.
The purity of rice callus synthase attained here, 78 mU/mg of protein, is an order of magnitude greater than previous purifications of Acer enzyme (25, 28) and yeast enzyme (6) , and similar to the value of 97 mU/mg of protein obtained with NADSepharose affinity chromatography of rat testes enzyme by Pittner et al. (33) . These workers state that their preparation is electrophoretically pure.
Schwarcz et al. (35) , using NAD-Sepharose, purified the synthase from anemic chicken blood and obtained a preparation with a specific activity about one-sixth of that of the rat testes. They also applied the method to purification of synthase from duckweed.
Recently, an affinity column prepared by linking L-4-C[N-(ethylamino)aminomethyl]-epi-inositol to a substituted Sepha-rose was described by Koller and Hoffmann-Ostenhof (18) . They report that observations on MI 1-phosphate synthase have been made with this column but provide no data or results.
Finally, it should be noted that 3-AT is a herbicide (37) . When applied to yeast, it is metabolized to the amine glucoside, GAT, and its phosphorylated derivative, P-GAT (11). Although P-GAT is not the end product of 3-AT metabolism (13) , its presence as an intermediate may affect MI synthesis.
